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Abstract 
Self-assembly (SA) of molecular units to form regular, periodic extended structures is a powerful bottom-
up technique for nanopatterning, inspired by nature. SA can be triggered in all classes of solid materials, 
for instance, by femtosecond laser pulses leading to the formation of laser-induced periodic surface 
structures (LIPSS) with a period slightly shorter than the laser wavelength. This approach, though, 
typically involves considerable material ablation, which leads to an unwanted increase of the surface 
roughness. We present a new strategy to fabricate high-precision nanograting structures in silicon, 
consisting of alternating amorphous and crystalline lines, with almost no material removal. The strategy 
can be applied to static irradiation experiments and can be extended into one and two dimensions by 
scanning the laser beam over the sample surface. We demonstrate that lines and areas with parallel 
nanofringe patterns can be written by an adequate choice of spot size, repetition rate and scan velocity, 
keeping a constant effective pulse number (Neff) per area for a given laser wavelength. A deviation from 
this pulse number leads either to inhomogeneous or ablative structures. Furthermore, we demonstrate that 
this approach can be used with different laser systems having widely different wavelengths (1030 nm, 
800 nm, 400 nm), pulse durations (370 fs, 100 fs) and repetition rates (500 kHz, 100 Hz, single pulse) and 
that the grating period can also be tuned by changing the angle of laser beam incidence. The grating 
structures can be erased by irradiation with a single nanosecond laser pulse, triggering recrystallization of 
the amorphous stripes. Given the enormous differences in electrical conductivity between the two phases 
our structures could find new applications in nanoelectronics. 
 
1. Introduction 
Laser-Induced Periodic Surface Structures (LIPSS), were discovered decades ago [1] and are formed via 
self-assembly in a broad range of materials, including metals, semiconductors and dielectrics. There is an 
ongoing debate about the exact formation mechanism of LIPSS but the most established view is that the 
incident laser light interferes with a surface wave [2]. This wave can be either light scattered at a rough 
surface or surface plasmon polaritons (SPP), and their interference with the directly incident light causes 
a modulated intensity distribution, being imprinted into the material. LIPSS have mainly been observed in 
the ablation regime, leading to a strong periodic modulation of the surface topography [3,4,5] and only 
few works report on other mechanisms for LIPSS formation [6,7,8]. 
Silicon is as a material of enormous technological interest and its dominance in the electronics 
industry is undisputed. This undiminished technological interest has also caused that the response of Si to 
laser irradiation has been studied thoroughly over decades [9,10,11,12,13], turning it arguably into one of 
the world’s best-characterized material. There are numerous fundamental studies (experimental and 
theoretical) of LIPSS formation in Si under fs laser irradiation [14,15,16], investigating the formation 
mechanism and the influence of laser parameters on the ripple period and orientation. Moreover, there are 
technologically-oriented studies aiming at the fabrication of large area gratings by exploiting this effect 
[17]. One of silicon’s most appealing characteristics for applications is the existence of two structurally 
different solid phases (crystalline and amorphous), having very different physical properties. The 
amorphous phase can be obtained by laser melting accompanied by fast quenching, whereas 
recrystallization can be obtained by either thermal or laser annealing. The use of ultrashort pulses (pico- 
and femtosecond) allows triggering non-thermal phase transitions [18,19] which can lead to different 
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solidification pathways. Besides the pulse duration, other parameters have been identified to strongly 
influence the phase change, namely the laser wavelength and number of pulses required, and how both 
parameters influence the thickness of the amorphous layer formed [20]. Yet, to the best of our knowledge, 
so far there is no study on the possibility to attempt the fabrication of crystalline-amorphous LIPSS via 
self-assembly, as opposed to grating structures mainly based on ablation/reorganization. 
A first indication of this possibility has been reported recently by Katsumata et al., who have 
observed regions of self-assembled amorphous-crystalline nanogratings in GeTe thin films after 
irradiation with multiple fs pulses [7]. This material belongs to the class of so-called phase change 
materials [21,22], exploited mainly for optical and electrical data storage. Yet, the authors achieved only 
micron-sized (5 µm x 5 µm) gratings and no strategies were proposed for upscaling these to larger 
structures for possible applications. In this paper we report on the formation of self-assembled phase 
change gratings in silicon upon multiple pulse irradiation. By carefully choosing the spatial pulse overlap, 
this phenomenon can be extended into two dimensions using beam scanning, leading to the formation of 
extended amorphous-crystalline nanograting structures. We demonstrate that this strategy can be adapted 
for different laser parameters.   
2. Experimental setup 
The main laser system used for the experiments was a fiber-based fs laser-amplifier (Satsuma, 
Amplitude Systems), which delivers laser pulses with a pulse duration of ∆t ≈ 370 fs at a central 
wavelength of 1030 nm and a repetition rate of 500 kHz. The output Gaussian beam has a nominal 
diameter of 5.5x6.2 mm (1/e2). The maximum pulse energy is 10 µJ and can be adjusted by means of a 
lambda-half (λ⁄2) wave-plate combined with a double thin film polarizer. A second λ⁄2 wave-plate is used 
to control the polarization state of the pulse incident on the sample, which is a critical parameter in 
defining the ripple orientation. The laser beam passed a galvo mirror scanning system (SCANcube, 
Scanlab) combined with an F-theta lens (f = 100 mm) for scanning the focused beam over the silicon 
surface. The focused spot beam diameter d at the sample plane was characterized using the method 
described by Liu [23], yielding dsmall = 15.8 µm (1⁄e2) without pinhole and dlarge = 33.6 µm (1⁄e2) with a 
pinhole of 3.5 mm placed 50 cm in front of the scan head. During the experiments, the scan speed of the 
beam at the surface was changed from vscan = 0.5 m/s up to 3 m/s. For static irradiations, the beam 
position was kept constant, and the pulse number selected by a gating signal applied to the laser driver. 
The samples were commercial <100> oriented crystalline silicon wafers with p-doping (boron, resistivity 
1-5 Ohm-cm).  
The second laser-irradiation system was a Ti:Sa laser amplifier system (Spitfire Pro, Spectra 
Physics) operating at a repetition rate of 100 Hz and a central wavelength of 800 nm, which could be 
frequency-doubled to 400 nm using a BBO-crystal (Barium Borate). The Silicon sample was mounted on 
a three-axis motorized stage and irradiated by a focused laser beam, incident on the sample at an angle θ 
= 53º. The sample was inspected in real-time with an in-situ microscope [24]. Ex-situ analysis of optical 
and topographic changes in the processed surface were performed with an optical microscope (OM, Zeiss 
Axiophot, 100x objective lens, N.A. 0.9, 460 nm or 800 nm LED-illumination) and an atomic force 
microscope (AFM, Agilent 5100), respectively. 
3. Result and discussion 
Figure 1 shows the optical microscopy (100x objective lens, N.A. 0.9, 460 nm illumination) 
images of the silicon surface after static irradiation with different number of pulses, a spot size of dlarge = 
33.6 µm and fluence of F = 0.70 J/cm2. As can be seen, the first pulse already induces a weak reflectivity 
increase within a circular area, with respect to the non-irradiated crystalline region. A reflectivity increase 
at visible illumination wavelength is indicative of the formation of a thin amorphous layer [12]. After the 
second pulse, the reflectivity increase is much enhanced, indicating a thickness increase of the amorphous 
layer. Most noteworthy is the presence of reflectivity nano-fringes, similar to those observed in GeTe by 
Katsumata et al. [7], who showed them to be the result of an amorphous-crystalline nanopattern. An 
important difference is the number of pulses required to observe these fringes, 300 for GeTe compared to 
only two in our case. Furthermore, the fringes in Si almost disappear after irradiation with a third pulse, 
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which indicates that the window for optimum fringe contrast, determined by local fluence and pulse 
number, is very narrow.  
 
Figure 1: Optical micrographs of the silicon surface after static irradiation with different pulse number N of a laser with λ = 
1030 nm and τ = 370 fs. The image contrast is the same in all cases, except the left part of the image at N=1, where it has been 
adjusted to illustrate the weak reflectivity increase.  The arrow indicates the orientation of the laser polarization. The scale 
bar corresponds to a length of 3 µm. Notice that the field of view of the image at N=10 is larger than for the other images. 
Fig. 1 also shows the sample after exposure to 10 pulses, featuring ablative ripples. Interestingly, 
the diffraction effect of these ripples on incoming pulses can be appreciated by the presence of 
amorphous-crystalline fringes outside the circular amorphous region, along the horizontal axis. Such a 
radially non-circular ripple extension has been observed by Han et al. [25] who were able to attribute it to 
be a consequence of SPP scattering using FTDT modeling. The presence of a grating based on ablative 
ripples in the spot center facilitates coupling of laser light to a SPP wave, which otherwise would be not 
allowed because of the mismatch of their wave vectors. As a consequence, the electric field distribution 
gets elliptical with the long axis aligned along the polarization direction. While SPP theoretically can only 
be coupled and propagate at a dielectric/metal interface, it has also been shown to occur in 
semiconductors and metals through laser-induced free electron generation, turning them transiently into a 
metal-like state [14].  
In a next step we have investigated the feasibility of writing lines of alternating amorphous and 
crystalline nanofringes by moving the laser beam over the sample surface. Two different approaches were 
tested: Extending the (few) fringes by scanning along the fringe orientation (Fig. 2a), or adding new 
(short) fringes by scanning along the polarization direction (Fig. 2b). It is evident that only the second 
strategy, scanning along the polarization direction, is successful. The underlying reason is related to the 
results found in Fig. 1 (N=10), which showed effects of SPP scattering along the polarization direction, 
extending beyond the laser-modified region. We have illustrated this effect schematically in Fig 2. It 
emerges that the second strategy is beneficial for the formation of very homogeneous and periodic grating 
structures, since it incubates a fringe structure along the scan direction before the actual laser spot passes 
and triggers the phase transition. This result suggests that not only a grating made of ablative ripples 
facilitates coupling of a SPP wave but also an amorphous-crystalline grating, possibly acting as a phase 
grating. 
An indication of the phase change nature of the LIPSS formed is the reflectivity increase of the 
bright stripes formed. The real and imaginary part of the refractive index of the amorphous phase of Si is 
systematically higher than for the crystalline phase throughout the visible range [26], which implies an 
increase in reflectivity upon formation of a thin amorphous surface layer. We have investigated this 
aspect by performing optical microscopy at different illumination wavelengths (460 nm Fig 2b and 800 
nm Fig. 2c), confirming this behavior. In order to unambiguously verify the amorphous structure of the 
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bright stripes we have performed confocal Micro-Raman measurements, using laser excitation at 442 nm 
(1 mW power) and focusing down to a spot diameter of ≈ 1 µm. While this spot size is too large to allow 
for a measurement of a single amorphous stripe (500 nm width) it does allow recording an average 
spectrum of both crystalline and amorphous regions. The red curve in Fig. 2(d) shows the presence of a 
broad shoulder with its peak centered at 473 cm-1, characteristic for amorphous silicon [12]. The Raman 
band can be better resolved by measuring at a laterally more extended amorphous region, such as one of 
the bright regions in Fig. 2(a), leading to the blue curve in Fig. 2(d). The existence of the amorphous band 
becomes even clearer in comparison to a spectrum recorded at a region not exposed to the scanning laser 
beam, leading to the characteristic peak centered at 520.5 cm-1 of crystalline Si, with a pronounced dip in 
the region of the amorphous band. The fact that the spectrum in the fringe region still shows a strong 
contribution from crystalline Si has two reasons. First, the already mentioned larger excitation spot 
size compared to the width of an amorphous stripe. Secondly, the thickness of the amorphous 
surface layer is only about 60 nm [27], compared to focal depth of about 2 µm of the confocal 
Raman microscope, effectively collecting much of the Raman signal produced in the crystalline 
regions underneath the  thin amorphous layer. 
 
 
Figure 2: (a-c) Optical micrographs of amorphous-crystalline nanofringes written by moving the laser beam (λ = 1030 nm, τ 
= 370 fs, 500 kHz pulses, F = 0.61 J/cm2) at vscan = 1.1 m/s over the Si surface, using vertical (a) and horizontal (b-c) 
polarization. The images (b) and (c) correspond to the same region but have been recorded with different illumination 
wavelength: (b) 460 nm and (c) 800 nm. The scale grey bar indicate the relative reflectivity of the images (b, 460 nm) and (c, 
800 nm).  The sketches to the left illustrate the effect of surface plasmon polariton (SPP) scattering and its influence on the 
scan direction (black arrow). The Gaussian laser intensity distribution is represented by a colour-graded disk. White stripes 
correspond to amorphous stripes formed whereas coloured stripes correspond to local field distribution maxima produced by 
interference of SPP with incident laser light. (d) Raman spectra recorded in the center of the line of fringes in (b) (a-LIPSS), in 
a bright region of (a) (a-Si) and in an unexposed region of the sample (c-Si). (e) AFM map of the amorphous-crystalline 
nanofringe structure of the (b) image. (f) Optical micrograph of a nanofringe line partially erased by exposure to a single 
nanosecond laser pulse. The scale bar in (e-f) corresponds to 5 µm. 
 Figure 2e shows a topography map of these nanofringe structures of the 2b image measured by 
AFM. Two main observations can be made. First, it is confirmed that the amorphous stripes are not 
interconnected and evidence is provided that the region between amorphous stripes is unchanged, i.e. 
crystalline. Second, each amorphous stripe consists of an outer elevated region and an inner depression, 
with a total maximum modulation of 20 nm. Such low value clearly points towards the absence of a 
strong ablation process but suggests the presence of evaporation. It is important to distinguish between 
strong ablation and evaporation, especially when studying ultrafast laser-matter interaction processes. As 
opposed to evaporation, which involves only minimal mass removal, ablation with fs laser pulses 
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normally involves plasma formation and countless other complex processes, including ejection of 
droplets, nanoparticles, ions, which lead to considerable mass removal. Our result is also consistent with 
the mostly theoretical work reported by Tsibidis et al. on static LIPSS formation in sub-ablation 
conditions [28]. The authors take into account surface evaporation, defined by the lattice reaching 
temperature of 0.9 times the critical temperature. As a result, their model predicts a surface depression of 
less than 20 nm, surrounded by a small elevation, in excellent agreement with our observations. 
 An interesting feature of the amorphous-crystalline grating structure is the possibility to erase 
them via re-crystallisation of the amorphous stripes. It is known that amorphous silicon can be 
crystallized by irradiation with long pulses [29] inducing melting accompanied by a relatively slow 
solidification process compared to irradiation with ultrashort laser pulses. To demonstrate this ability we 
have performed a separate experiment in which we exposed a small region of a grating line structure to a 
single nanosecond laser pulse (800 nm, 8 ns) of appropriate fluence. Fig. 2 (f) shows that the bright 
stripes (amorphous) are almost completely vanish within the irradiated region, demonstrating erasure via 
recrystallization. 
 Important parameters in the phase change fringes formation process are the pulse number and 
overlap. We have studied these for two different spot sizes by changing the scan velocity (Fig. 3). The 
laser parameters were kept fixed and peak fluences of F = 0.61 J/cm2 (small spot) and F = 0.64 J/cm2 
(large spot) were used. In the former case, the small spot, we observe that strong ablation (appreciable as 
darkening) is induced for velocities lower than 0.8 m/s (high pulse overlap), accompanied by an increase 
of the line width. In contrast, for velocities higher than 1.4 m/s the overlap between consecutives pulses is 
too small to support formation of phase change fringes. Only within a small range of velocities (1-1.2 
m/s) the formation of homogeneous amorphous nanofringes over long distances is observed. For a large 
spot size, the behavior is essentially the same but with velocities scaled by approximately a factor of two, 
which is necessary to achieve the same overlap, since the spot size ratio is dlarge/dsmall = 2.1. Here, the 
optimum range of velocities to achieve homogeneous fringe formation is around 2 - 2.5 m/s. 
 
Figure 3: Optical micrographs of lines written at different speeds (see labels) with horizontally polarized laser pulses written 
under conditions as in Fig 2. Laser spot size is dsmall = 15.8 µm (a) and dlarge = 33.6 µm (b). The blue circles mark the position 
of individual effective spot diameter (deff) in each case, whose separations are determined by the scan speed. The red circle 
section corresponds to dlarge/2 (c) Sketch of the spatial positions of the incident Gaussian pulses (large spot) for a pulse 
overlap Neff = 2, indicating the intensity threshold for amorphization (see text for details).  
In order to quantify the optimum pulse overlap we use the transversal extension of best fringe 
structure formed as criteria for defining an “effective spot diameter” (deff) for each case. The values 
obtained are deff-small = 4.9 µm and deff-large = 9.7 µm. These diameters are much smaller than the 
corresponding Gaussian spot diameters (d) and represent a fluence threshold (Famorph) of around 0.85 x 
Fpeak fluence (Fig. 3b). Figure 3a-b includes their lateral extension and relative positions in each case, with 
their separation being determined by the scan speed. It can be seen that for increasing speeds the pulse 
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overlap is reduced. The sketch in Fig. 3c illustrates the intensity conditions for pulse overlap in scanning 
conditions, highlighting the small intensity window for homogeneous amorphous LIPSS formation. 
2 
Laser  
parameters 
Spot size d 
(µm) 
Peak fluence 
(mJ/cm2) 
Effective spot 
size deff (µm) 
Optimum scan speed 
vscan (m/s) 
Pulse number Neff  
for fringe formation 
1030 nm, 
500 kHz 
15.8  
(moving) 
0.61 4.9 1.1 2.2 
33.6 
(moving) 
0.64 9.7 2  2.4 
33.6 
(static) 
0.73 13 0 2 
800 nm, 100 Hz 
100 x 167 
(moving) 
0.15 13.5 x 22.5 5*10-4 4.5 
400 nm, 100 Hz  
59.2 x 98.4 
(moving) 
0.04 11.7 x 19.5  1.5*10-4 13 
Table 1: Conditions leading to the formation of homogeneous amorphous-/crystalline fringes upon fs laser irradiation. 
In order to extend our irradiation strategy to two dimensions, we have performed laser scanning of 
parallel lines. Figure 4 show two examples for different line spacings. For a spacing of 9.9 µm (Fig. 4, 
left) an excellent reproducibility of the fringes can be appreciated, each line showing the same 
appearance. In order to achieve interconnection of lines and extend fringes the line spacing should in 
principle be equal to the line width (4.9 µm). Yet, the positioning resolution of the scan head we use is 
discrete, with steps of 0.9 µm. In order to avoid line overlap we therefore chose a spacing of 5.4 µm. As 
can be seen in Fig. 4 (right), this spacing leads to connection of fringes although there are minor signs of 
line overlap, leading in some positions to darkening (onset of ablation) at the joints. Using a scan head 
with higher positioning accuracy, this problem could possibly be avoided. The bending of fringes 
apparent in Fig. 4 (right) is a consequence of the phase shift of the laser pulse position between lines. The 
fact that the fringes of different lines do connect even so, despite being displaced, indicates that there is 
indeed a natural tendency (self-assembly) of fringes to extend along their long axis, even when writing is 
performed perpendicular to them. This effect has been reported in fused silica [30] but is opposite to the 
one found in chrome [31].  
10 µm
  
Figure 4: Optical micrographs of parallel lines with different spacings written with horizontally polarized laser pulses (1030 
nm, 370 fs, F = 0.61 J/cm2, 500 kHz, spot size d = 15.8 µm, vscan = 1.1 m/s). Left: 9.9 µm spacing Right: 5.4 µm spacing. 
We have calculated the effective pulse number as Neff = deff /∆x, with the pulse separation ∆x = vscan / 500 
kHz, and the results are shown in Table 1. It can be seen that in Neff is comparable for both spot sizes, 
yielding values of around two. These values are also in good agreement with the static irradiation 
experiment, also included in Table 1. This agreement confirms the validity of our irradiation strategy, 
adapting irradiation conditions in dynamic experiments to achieve an effective pulse number of Neff = 2, 
being optimum for amorphous-crystalline nanofringe contrast. 
Having identified the optimum irradiation strategy (Neff ∼ 2) for a specific laser system (1030 nm, 
370 fs, 500 kHz), we have attempted to apply this concept to a different laser system (Ti:Sa laser-
amplifier, 400 nm or 800 nm, 100 fs 100 Hz) and different irradiation conditions (laser incident at an 
angle θ =53º), yielding elliptical spot sizes of d400nm = 59.2 x 98.4 µm and d800nm = 100 x 167 µm. Figure 
5a shows an OM image of fringes created at 400 nm, F = 0.04 J/cm2 and a scan velocity of vscan = 150 
µm/s. The fringe period is 1.8 µm, i.e. much larger than the laser wavelength (400 nm), which is due to the 
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large irradiation angle [3]. Following the same reasoning as before to determinate the optimum pulse 
overlap, we extract an effective spot diameter of deff = 11.7 µm x 22.2 µm from the line width and deduce 
by means of the calculated spot separation a value of Neff ∼ 13.5 (c.f. Table 1). This relatively high value 
might seem surprising as Si <100> is known to be able to amorphize upon single pulse irradiation at 
appropriate fluence at this wavelength due to the short optical penetration depth [20]. Yet, it demonstrates 
that the self-assembly process for fringe formation requires several pulses as suggested by theory [16]. It 
is also worth mentioning that an increase of laser fluence led to the disappearance of fringes.  
Figure 5b shows an OM image of fringes generated at a laser wavelength of 800 nm, F = 0.15 
J/cm2 and a scan velocity of vscan = 500 µm/s. The fringe period is 3.7 µm, i.e. about two times larger than 
for 400 nm. The measured effective spot diameter is deff = 13.5 µm x 22.5 µm and yields an optimum 
effective pulse number of Neff ∼ 4.5 (c.f. Table 1). The higher value compared to irradiation with 1030 nm 
is consistent with the higher number of pulses required to induce amorphization of Si <100> at this 
wavelength [20]. The experimentally measured fringe periods for all three wavelengths agree with the 
calculation of the period as a function of laser wavelength and incident angle (Fig. 5d) using the 
expression pfw = λpat/(1-sinθ) for the interference of the scattered far field with the incident plane wave 
along the surface-projected forward direction [32]. The map also illustrates the possibility to fabricate 
structures with periods down to 350 nm with a laser of 400 nm and normal incidence. This prediction has 
been confirmed recently by Kumar et al. fabricating ablative LIPSS in TiO2 [5] and should in principle be 
possible also for the phase-change LIPSS reported here. 
10 µm
a) laser = 400 nm d)                        
b) laser = 800 nm
c) laser = 1030 nm
  
Figure 5. Optical micrographs of lines written under different laser (100 fs, 100 Hz, 400 nm (a) or 800 nm (b), and 370 fs, 500 
kHz and 1030 nm (c)) and irradiation conditions (incident from the right at an angle of 53º, scan velocity of vscan = 150 µm/s 
(a) or vscan = 500 µm/s (b,) and normal incident, vscan = 1.1 m/s (c)). The beam was horizontally polarized. (d) Calculation of 
the fringe period as function of laser wavelength and incident angle.  
4. Conclusion 
In conclusion, we have demonstrated the viability of creating phase change nanogratings via self-
assembly in silicon by fs laser irradiation. This new kind of laser-induced periodic structures does not 
involve significant material removal and can be generated both in static irradiation and dynamic 
processing conditions, leading to homogeneous lines and areas of amorphous/crystalline fringes. The scan 
direction of the laser spot with respect to the laser polarization was found to be a crucial parameter for 
fringe quality, which can be explained by surface plasmon polariton scattering incubating the fringe 
structure along the scan direction. The laser fluence window to trigger self-assembly is relatively narrow 
due to the nature of the process to stay between melting and ablation threshold. The critical parameter to 
trigger nanograting formation was found to be the effective pulse number incident on a certain area. By 
adapting the effective pulse number these nanogratings can be generated with a broad range of laser 
wavelength and angle of incidence. Since the grating period depends strongly on these parameters, the 
period can be tuned over a broad range. These structures could find applications nanoelectronics [33] as 
Si is a key material in this field and the enormous difference in electrical conductivity between the 
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crystalline and the amorphous phase distinguishes our nanopatterning approach. Although the present 
study is limited to crystalline silicon, this technique can be extended to other material that can be phase-
switched by laser pulses. 
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